Optical vortices with a vortex core size that is at least two orders of magnitude smaller than the laser beam waist is presented. The optical vortex is generated by a spiral phase plate (SPP) and counter-rotating optical vortex pairs are created in a modified Mach-Zehnder interferometer surrounded by a 4 f lens arrangement. The azimuthal variation of the counter-rotating optical vortex forms a sinusoidal intensity modulation for which the winding number of the optical vortex is deduced accurately and precisely by fitting it to a sinusoidal function. These results are of interest in designing novel optical vortex gratings for manipulating matter waves (e.g. in Kapitza-Dirac scattering). A theory of atomic angular KapitzaDirac scattering with optical vortices is presented. The large beam waist combined with a small optical vortex core size would also be of interest when using an optical vortex to perform spectroscopy in a wide range of matter systems including solid, liquid, atomic, and molecular systems, as well as in short range optical communication.
INTRODUCTION
An emerging field of research is the use of optical vortex gratings [1] to create atomic vortex beams [2] and electron vortex beams [3] via the Kapitza-Dirac effect. The Kapitza-Dirac effect involves employing a far off resonance optical beam to diffract matter waves, where the width of the matter waves must be large compare to the diffracting potential (i.e. the thin grating) [4] , and the maximum energy for light-atom interaction must be larger than the kinetic energy when the atoms are in the diffraction region. A challenge that has limited experimental progress in implementing these theoretical proposals [1] [2] [3] is the presence of a large region of intensity depletion at the center of the optical intensity profile (i.e. vortex core) which would reduce the matter wave diffraction efficiency at the center of the optical beam profile. Ref [1] provide a theoretical formalism of angular Kapitza-Dirac diffraction in which atomic matter waves are diffracted by an optical vortex grating based on counter-rotating optical vortices. Alternatively, a light mask with a fork-like structure can be used as a grating. A theoretical fork-like grating is presented in ref. [2] , but will result in reduced intensity in the middle of the optical beam profile as seen in the experimental results of ref. [3] . It is important to address this challenge of intensity depletion in the center of the optical vortex since Kapitza-Dirac diffraction with optical vortices relies on orbital angular momentum (OAM) exchange between two optical beams mediated by the matter wave, and therefore its efficiency is directly proportional to the optical intensity, especially in the middle of the optical vortex intensity profile. A possible solution is to use an optical vortex beam with a Gaussian intensity envelope such that there is only a point singularity in the middle of the optical intensity profile as opposed to a vortex with a large core and depleted intensity in the core of the beam.
In this paper, we experimentally generate an optical vortex intensity pattern with a Gaussian envelope that possess a point singularity at the center of the optical vortex beam. This is done by implementing a 4 f lens arrangement to image the optical vortex intensity profile immediately after a spiral phase plate (SPP). The vortex core size which is defined to be the width of the intensity depletion at the center of the optical vortex is estimated, and factors that limits achieving a very small optical vortex core size are discussed. To show that the optical beam possess orbital angular momentum (OAM), a superposition of optical vortices with opposite helicity (i.e. counter-rotating optical vortices) is created in a modified Mach-Zehnder interferometer, where the resulting intensity pattern has a sinusoidal intensity variation that depends on angle. The optical vortex winding number is accurately and precisely quantified through a fit routine of the experimental data. The azimuthal intensity modulation does not only show that the beam possess OAM, but could be implemented in studying the Kapitza-Dirac effect in matter waves (e.g. a Bose-Einstein Condensate, electron cloud, etc). Such an effect is the "angular" analogue to the "linear" Kapitza-Dirac effect. Potential applications of this effect include the coherent manipulation of atoms for atomtronics [5] , the development of very sensitive ultracold atomic rotation sensors (e.g. atomic gyroscopes), and spectroscopy with electron vortices. The principles employed here to generate the optical vortex fields are applicable in the design of novel optical vortex gratings for electron vortex beams as well as atomic vortex beams (and atomic vortices in cold gasses) based on the Kapitza-Dirac effect.
Not only are the results in this paper of significance in controlling the external motion of matter waves (e.g. electron beams, atomic beams, thermal and ultra-cold atomic clouds) via KapitzaDirac scattering, but they would be of significance in using optical vortex light for spectroscopy of atomic, molecular, liquid, and solid state systems [2, [6] [7] [8] [9] [10] [11] [12] . This is because such an optical vortex beam geometry with a Gaussian intensity envelope and point vortex core would give rise to a larger interaction volume between the vortex light and matter, and thus effectively increase the signal due to the vortex structure of light. Furthermore, the results are of importance in short distance free space optical communication [13] [14] [15] as it circumvents a problem that has led to confusion [16] when working with optical vortices which is propagating into the far field. The question is whether the divergence of the optical vortex beam scales linearly with OAM or as the square root of OAM. Working with an optical vortex having a Gaussian envelope such as the one described in this paper avoids this confusion.
The paper is organized as follows: First, angular KapitzaDirac scattering is discussed in section 2. In this section, a brief synopsis of atomic angular Kapitza-Dirac scattering with counter-rotating optical vortices is provided where the goal is to motivate one of the many applications of a small core optical vortex and counter-rotating optical vortices with a Gaussian intensity envelope. Second, in section 3, the design of the Mach-Zehnder interferometer (MZI) surrounded by a 4 f imaging system is discussed. The experimental set-up is used for generating a very small core optical vortex and counter-rotating optical vortex with Gaussian intensity envelope. The results are analyzed and the winding number is accurately and precisely obtained. Third, in section 4, a measure of the optical vortex core size is provided, and factors that limit its size are discussed. Fourth, in section 5, a discussion is provided on the benefit of the current experimental set-up compared to using devices based on liquid crystal technology such as a spatial light modulator (SLM) or a liquid crystal q-plate. In addition, an explanation is given for the reason that the optical vortices presented in this paper circumvent the question on the optical vortex divergence scaling with respect to OAM when studying short distance optical vortex propagation for various applications (e.g. short range free space optical communication, spectroscopy, etc). A conclusion is then presented. The paper is followed by appendices to supplement the measurements presented in the main body of the paper. Appendix A provide measurements of the imaging resolution due to the optics that make up the MZ interferometer. Appendix B provide detailed analysis of the SPP center defect which limits the observable vortex core size. Appendix C discuss a possible artifact when the optical path length on both arms of the interferometer are not properly compensated, especially when using short focal length lenses in the 4 f imaging system surrounding the experimental set-up.
ANGULAR KAPITZA-DIRAC SCATTERING

A. General considerations
Kapitza-Dirac scattering of atoms is considered in the context of single-particle, non-relativistic quantum mechanics. An example of such a matter wave system is a Bose-Einstein Condensate. The light-atom interaction is treated in the limit of a classical, oscillating electromagnetic field with a frequency that is far from all atomic resonances. The atom acts as an electricallypolarizable particle and experiences a conservative potential that is proportional to the local optical intensity. In this limit, the light-atom interaction potential is commonly referred to as the "optical-dipole" or "AC-Stark" potential.
Atomic diffraction is analyzed based on the time-dependent Hamiltonian,
where H 0 ( r, p) has eigenvalues,hω n , and corresponding eigenstates, |n , i.e. H 0 |n =hω n |n , and the optical-dipole potential, V( r), interacts with the atom for a time duration τ. Physical situations of experimental relevance that may correspond to H 0 include free-space, harmonic confinement, and ring-shaped geometries. Under these considerations, the atomic state vector immediately after application of the optical-dipole potential is given by:
The approximate expression in Eq. 3 is valid provided that the interaction duration is very short compared to the inverse eigenfrequencies associated with the pertinent eigenstates of H 0 , i.e. ω n τ 1 for all n where the probabilities | n|ψ(0) | 2 and/or | n|ψ(τ) | 2 are non-negligible.
Converting the state vector in Eq. 3 to a position-space wavefunction, Ψ( r, t) ≡ r|ψ(t) , reveals that the optical-dipole potential is "phase-imprinted" onto the initial atomic wavefunction,
where r in Eq. 3 (Eq. 4) is an operator (a coordinate). This result is analogous to optical diffraction from a thin material grating with a spatially-varying refractive index [17] [18] [19] [20] . The assumption of a thin material grating for optical diffraction is equivalent to the assumption of a short light-atom interaction duration in the above description of atomic diffraction. These limits of optical and atomic diffraction are referred to as the Raman-Nath regime.
B. Kapitza-Dirac scattering with optical vortices
An angular standing wave is formed by a pair of co-propagating laser beams containing counter-rotating optical vortices. In cylindrical coordinates, {r, φ, z}, the associated electric field amplitude and optical-dipole potential of an angular standing wave can be written as:
where k = 2π λ = ω c is the wave vector, c is the speed of light in vacuum, λ is the wavelength of light, andˆ describes the polarization of the waves. The two terms in Eq. 5 describe waves comprising photons with linear momentum, p z = +hk, and orbital angular momentum with projection along the z-axis, L z = ± h. An atom illuminated by this field experiences a timeaveraged, optical-dipole potential, V( r) = − 1 2 α(ω) E 2 ( r, t) , that is proportional to the local optical intensity,
where V 0 = −α(ω)|E 0 | 2 and α(ω) is the real-valued, frequencydependent polarizability of the atom. The assumption V( r) ∝ E 2 ( r, t) is valid provided that the oscillating electric field is detuned sufficiently far from all atomic resonances. In the two-
h∆ , where d is the electric dipole matrix element connecting the two atomic levels and ∆ = ω − ω 0 is the detuning of the field from the atomic resonance frequency, ω 0 [20] [21] [22] .
In the Raman-Nath regime, the atomic state vector (Eq. 3) immediately after application of the optical-dipole potential (Eq. 6) is given by:
where Θ = V 0 τ 2h , J n (·) denotes an n th order Bessel function of the first kind and the last expression follows from the identities e +iβ cos(γ) = ∑ +∞ n=−∞ i n J n (β)e +inγ , J −n (β) = (−1) n J n (β), and J n (−β) = (−1) n J n (β). Eq. 8 represent the atomic wave function consisting of a superposition of atomic vortices in the same spatial position. Ref. [1] provide similar results. This is in contrast to refs. [2, 3] for which matter waves with different winding numbers are separated spatially in space as a beam composed of matter waves goes through a fork-like structure made of light.
In this section, take note of the optical potential (i.e., optical vortex grating) in Eq. 6 consisting of a sinusoidal intensity modulation that depends on angle. On one hand, ref. [1] suggest this optical potential, but does not provide a way to experimentally generate the intensity profile. On the other hand, refs. [2, 3] , suggest a fork-like grating structure but there will be an intensity depletion in the grating center region as both papers implicitly assume the emergence of a large optical vortex core. Hence, reduced diffraction efficiency for matter waves in the center region of the grating is expected from the schemes in refs. [2, 3] . The next section (section 3) describe the theory and experimental generation of the optical intensity potential with a large beam waist and a point optical vortex core size. The solution provided in the next section addresses the problem that may be impeding progress to demonstrate high efficiency angular Kapitza-Dirac scattering of matter waves. The point vortex core with Gaussian intensity envelope also provides an avenue to study vortices on the whole transverse plane beyond the region of maximal intensity circle as suggested in ref. [2] . In addition, the next section (section 3) provides a precise and accurate determination of the optical vortex winding number, , by fitting the intensity pattern emerging from the M-Z interferometer to a sinusoidal function. This technique is made possible by the point optical vortex core size.
MACH-ZEHNDER INTERFEROMETER
In this section, we discuss one way of creating optical vortex fields for light-matter interaction (e.g. angular Kapitza-Dirac diffraction). In the development of the optical field, some of the desired properties of the angular standing wave include
1. An intensity profile having a large beam waist with very small optical vortex core, and
2. An intensity modulation as a function of azimuthal angle due to counter-rotating optical vortices.
The first property will enable high efficiency optical orbital angular momentum (OAM) transfer from the optical field to the matter waves, and the second property will enable exchange of momentum between the two optical fields rotating in opposing directions mediated by the matter waves such as atoms. The requisite optical vortex fields in this paper are created with a spiral phase plate (SPP). The angular standing wave consisting of counter-rotating optical vortices with very small optical vortex core are obtained by imaging the field immediately after the SPP, and interfering the counter-rotating optical vortices in a modified Mach-Zehnder interferometer (MZI).
A. Theory of counter-rotating optical vortices
For an electromagnetic wave propagating in the +z-direction through a spiral phase plate, the time dependent electric vector in polar coordinates is E(r, φ, z, t) ∝ e{u(r, φ, z)e −iωtε }, where u(r, φ, z),ε, and ω are the complex-valued amplitude, unit polarization vector, and angular frequency of the wave, respectively. The complex-valued amplitude can be approximated as:
w 0 , and are the is the phase retardation term in the Gouy phase. While the Laguerre function and r | | terms are frequently used in describing an optical vortex with a large optical vortex core [2, 3, [23] [24] [25] [26] [27] [28] [29] , take note of its absence in Eq. 9. In the work presented here, the optical vortices will have a Gaussian envelop with a point singularity in the middle of the optical intensity profile [30] . This is a characteristic of the beam profile immediately after the SPP device, and it is possible to observe such an optical vortex profile using a mask with a fork-like structure [31] , and liquid crystal q-plate [32] . If the beam is allowed to propagate into the diffraction far field, then in the Laguerre-Gaussian (LG) basis, a description with a superposition of amplitudes involving LG polynomials would be required.
The angular standing wave is formed by interfering an optical vortex intensity profile of winding number with its mirror image containing an antivortex of winding number − , in a modified MZI. Both optical vortex beams are overlapped in the same spatial location and co-propagate in the same direction. The superposition of optical vortex and antivortex form counterrotating optical vortices to give the following angular standing (d) and (e) on one arm, and an odd number of mirrors (g), (h), and (i) to invert the helicity of the optical vortex to interfere it at the beam splitting cube (f). Mirror (h) is placed on a translation stage to compensate for any difference in optical path length between the two interferometer arms. The intensity pattern emerging from the second beam splitter cube has a cos 2 ( φ) angular modulation with 2 intensity peaks, and is imaged onto the CCD camera (k) using 4 f lens combination (b) and (j), and imaged onto the matter wave such as a BEC (m) using 4 f lens combination (b) and (l). Figure is not to scale.
wave emerging from the interferometer:
The interference pattern has a periodic modulation with a Gaussian envelop and 2 intensity peaks in a 2π rad angle [33] . The winding number of an optical vortex from an SPP containing a single azimuthal step height is = (n 0 − 1)
∆h λ [34] [35] [36] . n 0 and ∆h are the refractive index and azimuthal step height of the SPP, respectively; and λ is the wavelength of light. In this derivation, it has been assumed that there is zero reflectivity on both surfaces of the SPP, and multiple reflections [37] [38] [39] [40] [41] in the device is not taken into account.
B. Experimental generation of counter-rotating optical vortices
Optical set-up. The optical interference pattern due to counterrotating optical vortices is probed by sending a well collimated Gaussian laser beam with wavelength λ = 632.991 ± 0.001 nm, and of light, the refractive index of the SPP, and step height of the SPP comes from fluctuations in the laser beam's wavelength, the wavelength dependence of the dispersion equation, and tolerance in the fabrication of the SPP, respectively. The addition of these 3 errors in quadrature gives the error on the winding number of the optical vortex.
The modified MZI is placed in the middle of a 4 f imaging system with the SPP on the object plane, and the CCD camera on the image plane [ Fig. 1 ]. The 4 f imaging system have a numerical aperture (NA) of NA≈ D 2f = 0.08, with the diameter of the lens as D=25.4 mm, and the focal length of the lens as f = 150 mm. There is an even number of mirrors on one arm, and odd number of mirrors on the other arm of the modified MZI to flip the helicity (i.e. the winding number) of the optical vortex from − to + , and thus creates a superposition of optical vortex and antivortex at the second beam splitting cube. In other words, a superposition of optical vortex and antivortex are the counter-rotating optical vortices. The mirror labeled (h) in Fig. 1 [i.e. Fig. 1h ] is placed on a translation stage so that it could be adjusted in order to ensure that the optical path length on both arms of the interferometer are the same. Without compensating for the difference in optical path length between both arms of the interferometer, there will be a difference in radius of curvature between the two optical intensity profiles overlapped at the second beam splitter cube of the MZI which would result in radial intensity maxima and minima on the transverse beam intensity profile, i.e. radial fringes (See Fig. 8 in Appendix C). Matter waves such as a BEC [ Fig. 1m ] would be placed one focal length away from the second lens [ Fig. 1l ] at the first output port of the second beam splitter cube [ Fig. 1f] . The second output port where the CCD camera is located [ Fig. 1k ] would be used to monitor the optical intensity profile. A feedback loop would be used to compensate for phase shifts due to any movements of optical elements in the modified MZI which may cause the intensity pattern coming out of the interferometer to rotate. The results of the data analysis presented in the next subsection is taken at the second output port of the MZI [ Fig. 1k] , and compared to the specifications of the SPP provided by the manufacturer.
Analysis of experimental counter-rotating optical vortices.
The experimental data is analyzed by partitioning the optical interference pattern in Fig. 2 (b) and (e) into 40 and 100 angular wedges, respectively, to give the data points in Fig. 2 , of the interference pattern in Fig. 2 (c) , and Fig. 2 (f) , as determined from the fit routine are 0.93 and 0.98, respectively. I fit max is the maximum of the fit curve, and I fit min is the minimum of the fit curve.
OPTICAL VORTEX CORE SIZE
A key difference between the MZI of previously published work [24, 26, 43] , and the one reported here is the presence of a 4 f imaging system to image the optical vortex immediately after the SPP in order to ensure that the size of the optical vortex core is very small. In previous experiments, the optical beam is allowed to freely diffract after passing through the SPP (or other phase grating) such that a large vortex core develops, and the ratio of the vortex core size to the 1 e 2 beam waist is typically [25, 26] or larger. Very small vortex core sizes will be of significance when using the optical angular standing wave as a novel phase grating to perform Kapitza-Dirac scattering of matter waves such as a Bose-Einstein Condensate (BEC). This is because the characteristic length scale of matter waves such as a BEC is on the order of tens of microns to hundreds of microns [44] [45] [46] for a freely expanding BEC, and several millimeters [47] for an elongated BEC with the highest density of atoms close to the center of the atomic gas. If an optical vortex with a very large core size is used such as the ones in previous work [27] [28] [29] , there is expected to be a reduction in transfer efficiency of the optical OAM in the optical vortex to the ultra-cold atomic gas. More specifically, the efficiency of angular Kapitza-Dirac scattering may be low because this process relies on momentum transfer between the high contrast angular standing wave and atoms; with most of the atoms located close to the center of the optical intensity profile for atoms confined to a harmonic potential. Furthermore, when studying the interaction of optical OAM in other atomic, molecular, liquid and solid state systems [2, [6] [7] [8] [9] [10] [11] [12] , the small optical vortex core will also be of significance in increasing the the light-matter interaction volume, thus enhancing the the signal due to optical OAM.
Fundamentally, within the evanescent region of the SPP, the vortex core of this Gaussian intensity envelope optical vortex is filled in with light waves where the magnitude of the core size is on the order of the wavelength of light, λ [36, 48] . At approximately one wavelength of light away from the SPP device, the evanescent field vanishes and a vortex core is formed [49] . Analytic equations describing the propagation of the optical vortex from the evanescent region of the SPP into the far field is given in refs. [30, 31, 36] . In this work, there are reasons for the measured size of the optical vortex core to be limited to a particular value. The first reason is that the vortex core size is limited by the resolution of the 4 f imaging system. Using a USAF test pattern purchased from CVI, the 4 f imaging system resolution as defined by the Rayleigh criterion is 17.8 µm. The analysis to obtain the imaging resolution is in Appendix A. The second reason is that the vortex core size is set by the size of the fabrication defect at the center of the SPP. The fabrication defect can be seen in Fig. 2 as a dark horizontal line resulting from the sudden change in material thickness at φ = {0, 2π}. It is estimated to be approximately w v = 23 µm (See Fig. 6 and 7 in Appendix B). The size of the fabrication defect of the SPP sets an upper limit to the vortex core size in this work. This yields a ratio of vortex core size to 
DISCUSSION
The small core counter rotating optical vortices suitable for manipulating matter waves can also be generated using a spatial light modulator (SLM) or liquid crystal q-plate [32] in combination with a 4 f lens arrangement. The advantage of combining an SPP, MZI, and 4 f lens arrangement are in applications requiring high power since these devices can take a high optical thermal load from the laser beam compared to an SLM (and liquid crystal q-plate) without getting damaged. A high power optical vortex grating would be of significance in Kapitza-Dirac diffraction of electrons using a fork-like structure or counter-rotating optical vortices. When the optical vortex grating is created with broadband pulses of a high peak power (e.g. 2.3 MW), an SPP with high transmission and low dispersion [23] could be utilized.
Irrespective of whether an SLM or SPP is used to generate the small core optical vortex with a large beam waist, it is not only applicable for manipulating matter waves and spectroscopy but may be advantageous in other areas involving short distance optical vortex propagation (e.g. free space optical communication). Previous literature has shown that there is "confusion" in understanding the divergence dependence of optical vortices upon propagation [16] . The question that arise is whether the divergence of the optical vortex beam scales linearly with or as the square root of as the beam propagates. Using an optical vortex beam with a Gaussian intensity envelope avoids this problem. This is because the beam is imaged immediately after it acquires an optical vortex, and projected on a plane far away from the device. In other words, the beam would have a Gaussian intensity envelope with a point vortex core size. Therefore, the intensity profile of the optical vortex will be the same regardless of the distance from the device. A one lens imaging system (e.g. ref. [38] ) or a 4 f imaging system with two lenses (e.g. section 3) of appropriate focal length and diameter would have to be used in order to realize the optical vortex with a Gaussian intensity envelope and point optical vortex size. Standard commercial optics is expected to work well over short distances (≈ 1 meter). As such, the optical vortex with a point vortex core and Gaussian intensity profile may be modulated to carry data for short distance free space communication, thus addressing some of the challenges [15] in short range (≈ 1 meter) free space optical communication. One of these addressable challenges include increasing the signal to noise ratio due to OAM light in the communication system.
CONCLUSION
The requisite counter-rotating optical vortex fields having core sizes smaller than the characteristic size of the beam waist have been created using a combination of a spiral phase plate, MachZehnder interferometer, and a 4 f imaging system. By fitting the optical intensity pattern, a precise and accurate value of the optical vortex winding number is obtained. The small optical vortex core should allow for efficient transfer of OAM to an atomic cloud or other matter wave system. Furthermore, the periodic angular standing wave which forms a novel KapitzaDirac grating would allow for exchange of optical OAM between the counter-rotating optical vortex fields mediated by atoms (or other matter wave system). The optical potential generated in this paper also opens up the possibility of studying atomic vortices on the entire transverse plane as opposed to just a ring of maximal intensity. While the optical vortices have been mostly discussed in the context of creating optical vortex field for matter wave experiments (i.e. angular Kapitza-Dirac diffraction), it is also expected be useful for performing spectroscopy of solids, liquids, atoms and molecules with enhanced signal due to the optical OAM light as well as in short range optical communication.
APPENDIX A: IMAGING RESOLUTION
An important part of quantifying the vortex core size in section 4, is knowing the imaging resolution. This is done by measuring the imaging resolution of the lens using a US Air Force (USAF) test pattern and interpreting the resolution in terms of the Rayleigh criterion. In this appendix, we quantify the experimental resolution of the imaging system. This includes the resolution on both arms of the MZ interferometer and the "vertical" and "horizontal" resolution of each arm of the MZ interferometer. Fig. 3 shows the mask of a USAF test pattern, and a few images showing different regions of the test pattern. The resolution is quantified through a convolution of the point spread function with the mask on the USAF test pattern. It is represented as:
The point spread function (PSF) is modeled as a normalized Gaussian function, G ps f (x), of width, σ. The Unitbox [x1] is equal to 1 for |x1| ≤ 1 2 and 0 otherwise. wb = 5 is the width of the box in pixels which represent one rectangular box of the test pattern mask. The mask of the test pattern is a unit box normalized to a maximum value of 1. The resolution is determined from the value of σ. To gain insight into the parameter σ in Eq. 11 when light illuminates a test pattern, Fig. 4 shows calculated values for different σ. The USAF test pattern in this case are 3 unit box rectangles on a piece of glass. When σ is very small, it is seen that the resolution is high and the unit rectangle can be easily resolved. However, when σ is a large value, it is seen that the imaging system is of low resolution, and the rectangles cannot be resolved.
In the collection of the experimental data, the particular test pattern mask that is being analyzed is centered on the Gaussian beam to reduce effects due to the curvature of the beam while fitting the data. Some of the raw experimental data is illustrated in Fig. 3 (b)-(d) . The raw image is analyzed by cropping the image to have a test pattern mask corresponding to a particular group and element number. The inset of Fig 5 show the individual test pattern mask that is analyzed. The experimental data is fit to the numerical model in Eq. 11 to determine the value of σ for the 4 f imaging system (Fig. 5) surrounding the MZ interferometer. From the experimental data it is seen that the vertical and horizontal resolution is σ fit f y = 1.39 ± 0.13 pixels (Fig. 5 a) , and σ fit f x = 1.66 ± 0.12 pixels (Fig. 5 b) , respectively for the flip mirror arm of the MZ interferometer (i.e. arm with optical elements (c), (g), (h), and (i)). For the other arm of the interferometer, the vertical and horizontal resolution is σ fit oy = 0.98 ± 0.11 pixels (Fig. 5 c) and σ fit ox = 1.29 ± 0.17 pixels (Fig. 5 d) , respectively (i.e. arm with optical elements (d) and (e)). The error on the fit is determined from the standard error of the fit algorithm. Each pixel on this particular CCD camera is 4.65 µm by 4.65 µm. These results suggest that the vertical resolution is slightly better than the horizontal resolution, and the resolution of the other arm is slightly better than that of the flip mirror arm of the MZ interferometer.
The resolution parameter, σ, is related to the resolution as defined by the Rayleigh criterion (i.e. δ R = 1.22 
APPENDIX B: SPP CENTER DEFECT AND VORTEX CORE SIZE
The center defect of the SPP device puts a upper limit on the measured size of the optical vortex core. The center defect is . Experimental data illustrating a decrease in radial fringes as the difference in OPL is being compensated is shown in (c).
measured for the two SPPs that generates an 1 and 2 corresponding to Fig. 2 (a) and (d), respectively. By imaging the beam immediately after the device, the center defect is found to be approximately 5 pixels which corresponds to 23 µm. Take note that each pixel is 4.65 µm wide. This is shown in Fig. 6 and Fig. 7 for the SPPs that generates 1 and 2 , respectively.
APPENDIX C: RADIAL FRINGES DUE TO DIFFERENCE IN RADIUS OF CURVATURE BETWEEN MZI ARMS
As the MZ interferometer is in the middle of the 4 f lens arrangement, differences in the optical path length between the two arms of the interferometer causes a difference in the curvature of the wavefronts in each of the arms. This results in radial interference fringes when beams from both arms of the interferometer are overlapped at the second beam splitter. These interference fringes are visible on the image plane of the 4 f lens arrangement. In order to show this, we start with the amplitude in Eq. 9 describing the intensity immediately after the SPP device for a single arm of the MZ interferometer:
u(r, φ, z) = u 0 w 0 w (z) e To describe the radial fringes, the radius of curvature term will be the main focus. For a single lens inserted before the MZ interferometer the radius of curvature term can be approximated as R (z) ≈ f , where f is the focal length of the lens. When there is a difference in optical path length between both arms of the MZ interferometer of ∆z, then the relevant terms of the field amplitude on one arm will be u 1 ≈ A 1 e −i k(x 2 +y 2 )
2 f
, and that of the second arm will be u 2 ≈ A 2 e −i k(x 2 +y 2 ) 2 f +∆z . This gives the following field amplitude, u r , for the radial pattern:
The intensity will be of the form:
